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ABSTRACT 
The objective of this study was to determine any trends in odor evaluations and gas emissions of 
manure samples in heifers fed high/low concentrate and high/low forage diets. Heifers (n = 8) were 
enrolled randomly in a split plot design with diet type (high concentrate vs. low concentrate) as the whole 
plot and forage quality (4 different levels of corn stover within each diet type) as sub-plots in a 4-period 
(21d) 4X4 Latin square design. Total collection of urine and feces was performed on days 18-21 of each 
period. The feces to urine ratio (F:U) was determined on days 18 & 19, and used to collect a 200g of 
manure sample to place in a multi-chamber steady-state gas emission detection system. Gas 
concentrations were measured every 20min over a 24hr period.7.0L odorous exhaust sweep air was taken 
from each chamber of the system after 1hr, and presented to trained panelists within 7hrs of manure 
collection. Panelists performed subjective odor evaluations for hedonic tone (quantified using 22-unit 
scale) and intensity (Labeled Magnitude Scale method 0-100) during their evaluation. A Triangular 
Forced-Choice method was used to determine detection threshold (DT) & recognition threshold (RT) of 
each sample. A significant difference between CO2, CH4, and NH3 emissions were found among the 8 diet 
types. CO2 emissions were significantly higher in the LC diet, and a positive correlation between CO2 & 
NH3 emissions was found. There was a linear decrease in CH4 emissions as % CST in LC diets 
increased. The highest average odor emission (8.58 OU m-2 sec-1) was found in the LC diet with 0% CST; 
while the lowest average odor emission (5.01 m-2 sec-1) was observed in the LC diet with 60% CST. Also, 
the mass of feces from HC heifers was 50% less than LC heifers, but HC urine excretion was 2.84 times 
higher, making the total manure excretion 22.7% higher in HC heifers than LC heifers (a factor that could 
have contributed to the odor and gas emission rates). In the end, this study showed a notable association 
between diet type and resulting odor and gas emissions.
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INTRODUCTION 
The United States and global environmental policies and regulations have increasing 
production and operation impacts on dairy production facilities. Cattle emit approximately 50% 
of all ammonia (NH3) released into the environment from agricultural sources in the U.S. (Battye 
et al., 1994). Currently, the U.S. Department of Agriculture (USDA) estimates the U.S. dairy 
replacement population (heifers at body weight ≥500lbs) at approximately 4.5 million, or 8.36% 
of the total cattle inventory (USDA, 2013). Cattle dietary manipulation has been proven to affect 
NH3 emissions and the composition of manure excreted (James et al., 1999; Misselbrook et al., 
2005). However, actual emission contributions and air quality assessment of dairy heifers fed 
modern diets are not currently available in literature.  
In dairy cattle manure, ammonia and greenhouse gases (GHG’s) are emitted rapidly once 
the feces are mixed with urine. Ammonia is released from the manure as a result of 
microbiological hydrolysis of urea and uric acid by urease to form ammonium (NH4+ ) and its 
subsequent volatilization to NH3 (Bouwman et al., 1997). Urease is produced by microorganisms 
present in feces while urea and uric acid are ubiquitous in urine. Carbon dioxide (CO2) is emitted 
into the environment by heterotrophic respiration during degradation of undigested 
carbohydrates, feed protein, microbial protein and endogenous protein excreted in feces 
(Tamminga, 1992). Nitrifying and denitrifying microorganisms in manure are responsible for 
nitrous oxide (N2O) generation and are often enhanced by high labile nitrogen (N) (Mosier et al., 
1998; Smith et al., 2007). When under anaerobic conditions, methane (CH4) is produced in the 
manure via methanogenesis (Oenema et al., 2005; Smith and Conen, 2004). Odorous gases 
(notably CH4) are then produced through further fermentative degradation of fecal substances by 
anaerobic bacteria. There are over 200 different odorous compounds that have been identified in 
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animal manure. These include volatile fatty acids, indoles and phenols, ammonia and volatile 
amines, and volatile sulfur-containing compounds (O’Neil and Phillips, 1992).  
The amount and type of ingredients ingested by dairy heifers will affect the nutrient 
excretion in manure. Our hypothesis was that feeding a high quality, restricted concentrate diet to 
dairy heifers would result in high efficiency of nutrient utilization in the digestive tract of the 
animal. Consequently, an increase in nutrient efficiency means less N released into the 
environment. The objective of this study was to evaluate the impact of 8 different forage: 
concentrate nutrient-balanced diets (using different quality forages) on the resulting odor and gas 
emissions of NH3, CO2, CH4, and N2O. By analyzing manure samples with a gas flow chamber 
and using trained panelists to detect odor, correlations between diet type and odor/gas emissions 
could be made. 
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REVIEW OF LITERATURE 
GHG Emissions 
Discovered in 1896, CO2 became the first GHG to be identified as a gas affecting the 
earth’s surface temperature. According to his paper On the Influence of Carbonic Acid in the Air 
upon the Temperature of the Ground (Arrhenius, 1896); Swedish chemical physicist Svante 
Arrhenius proposed CO2 levels in the atmosphere could change surface temperatures on earth 
through the greenhouse effect. In 1958, researcher Charles Keeling of Scripps Institute of 
Oceanography developed an Infrared (IR) Gas Analyzer that provided high-precision 
measurements of CO2 levels at a precision value of 0.01ppm (Harris, 2010).  This device was 
used by Keeling to accurately measure CO2 production through a series of data collection 
measurements measuring atmospheric CO2 levels twice daily on the summit of Mauna Loa, 
Hawaii.  Known as the “Keeling Curve,” this data set established CO2 characteristics such as 
seasonal peaks in atmospheric CO2 during winters in the Northern Hemisphere and decreases in 
CO2 during spring and summer months (as plants became more abundant). Keeling’s experiment 
displayed a rapid increase in emissions from pre-industrial times up through 2010. In addition to 
Keeling’s data, Arctic ice cores (that had the ability to trap air from hundreds of thousands of 
years ago and be reliably tested) displayed how the earth’s CO2 levels are higher today than 
every other year in the past 800,000yrs (Luthi et al. 2008). As scientists discovered Keeling’s 
data disproved the previous theory that all gaseous emissions produced by the earth were 
absorbed by the ocean, scientists came to understand the importance of monitoring GHG 
emissions as they noted how GHG’s were eventually building up in the earth’s atmosphere.  
A variety of sampling methods for measuring GHG’s are currently being practiced, 
ranging from: satellite imagery performed by the National Aeronautics and Space Administration 
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(NASA), samples taken while in flight, samples taken from tall towers, and even samples taken 
from the ground and ice cores from polar ice sheets (Reeh 2007). Combined, these samples 
account for emissions from top of earth’s crust to the outer reaches of earth’s atmosphere. After a 
sample is collected (typically in portable flask), the National Oceanic and Atmospheric 
Administration (NOAA) provides CO2, CH4, and N2O calibrated compressed gas cylinders to use 
as reference gases for automated flask analysis of each sample. According to the EPA’s data 
collection of U.S. greenhouse gas emissions in 2010, the largest GHG emissions come from CO2 
(84%), NH3 (10%), N2O (4%), Fluorinated gasses (2%). As gas accumulates within the earth’s 
atmosphere, temperature levels on earth gradually increase. According to the 2001 IPCC 
Synthesis Report, a 1˚C change in the earth’s surface temperature could lead to the significant 
weather changes being experienced today. Key agencies within the U.S. currently monitoring 
GHG emissions include: NOAA, NASA, U.S. Department of Energy (DOE), National Science 
Foundation (NSF), National Institute of Standards and Technology (NIST), U.S. Geological 
Survey (USGS), U.S. Department of Agriculture (USDA), and the Environmental Protection 
Agency (EPA).     
Affect of CP on NH3 Emissions  
Traditionally, most studies dealing with GHG’s focus on crude protein (CP) to analyze 
production of methane. Over the years, researchers discovered that manipulation of dietary CP 
lead to a reduction of Nitrogen (N), but contributed no overall reduction in NH3 emissions. In a 
study performed by Lee et. al (2012), the relationship between both High Crude Protein (HCP) 
and Low Crude Protein (LCP) diets and the resulting ammonia emissions were analyzed. Results 
from this experiment supported the theory that a LCP diet produced lower concentrations of N 
per excretion, while both HCP and LCP diets produced similar levels of NH3. In a similar study 
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performed by Misselbrook et. al. (2005), the reduction of CP content was found to reduce total 
overall N excretion, reducing N concentration in the urine by 90%, while total NH3 emissions of 
both LCP and HCP diets remained equivalent. When analyzing nitrogen manipulation in cow’s 
diets and the resulting affect on milk production, Li et. al (2009) discovered lowering dietary CP 
did not affect milk production nor NH3 emissions. This study indicated that cow diets could be 
feasibly formulated to reduce amount of N excreted, while maintaining the same level of milk 
production at the same time. While past research has focused mainly on the manipulation of CP 
in a cow’s diet, the experiment conducted at Penn State outlined by this paper focuses on amount 
of concentrate in heifer rations and its overall affect on not only the heifer’s NH3, but also her 
N2O, CO2, and CH4 odor and GHG emissions.  
Odor Control 
Livestock producers face many odor complaints from neighbors, and can be charged 
millions of dollars in damages and legal fees when addressing odor-related issues.  Common 
odorants found in livestock manure include NH3, H2SO4, amines, mercaptans, phenols, and 
VFAs (McGenn et al. 2002). According to Schiffman et al. 1998 and Thu et al. 1997, odor 
nuisance issues in addition to reduced air quality can be linked to poor human and animal 
(MacVean et al. 1986) health. Legally, an odor is currently classified as nuisance, or an 
interference with normal enjoyment of property.  From a dairy producer standpoint, one of the 
best ways to avoid becoming a nuisance and a health problem is to proactively look into odor 
control and environmentally sound management practices.  
Looking at the birth of an odorant, one can trace an odor’s origins back to the animal’s 
intestines. Before even being released into the environment, feed (soon to be manure) 
decomposition occurs as carbohydrates become broken down into sugars and proteins broken 
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down into amino acids. Upon being exposed to the outside environment during excretion, the 
odor of manure can be detected as volatile gases react with the aerobic environment. The amount 
of odor detected hours and days after excretion depends on how much air is exposed to the 
manure. The more aerated a manure sample, the less odorous it will be as all volatile compounds 
have been immediately released into the environment upon excretion. A sample that has minimal 
oxygen exposure will be perceived as being more odorous as each time the sample becomes 
agitated/exposed to air, additional volatile components trapped within the manure will become 
vaporized and released.     
Odor is unique in that it is difficult to quantify. According to O’Neil and Phillips (1992), 
over 200 compounds have been identified in manure. This wide range of compounds 
contributing to one type of odor indicates how variable odor can be--not only from location to 
location, but also on a day to day basis. One common practice of measuring odor emissions 
includes detecting concentrations of NH3 using apparatuses like the Scentometer® and 
calculating the time it takes for odors to travel to between two specific locations. Sweeten and 
Miner (1993) determined that the intensity of an odor decreased as separation from its odor 
source increased. Additional factors that need to be taken into account when measuring odor 
include changes in wind velocity and direction. Utilizing these principles, the dairyman’s goal is 
to reduce detectable odor emissions by providing an environment inhospitable to anaerobic 
bacteria by: aerating the manure immediately upon excretion or preventing biological activity by 
keeping the ambient temperature sufficiently low. 
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MATERIALS AND METHODS 
Animals and Experimental Design 
All procedures involving animals were approved by the Pennsylvania State University 
Institutional Animal Care and Use Committee. Eight Holstein heifers (362.45 ± 4.53 d of age and 
335.6 ± 7.41 kg BW) were randomly assigned to 2 forage levels HC (20% forage) and LC (80% 
forage) and to a forage type sequence (0% of forage as CST, 100% CS; 20% CST, 80% CS; 40% 
CST, 60% CS; 60% CST, 40% CS) within forage level. Heifers were assigned to a split-plot, 4 × 
4 Latin square design with 21-d periods. The whole plot factor was diet F: C and the subplot was 
proportion of CST in the forage fraction of the diet. All diets were provided as TMR at levels 
calculated to provide similar intakes of ME and allow for 800 g/d of ADG. Intake of CP, 
minerals, and vitamins was constant across all diets, but NDF and NFC varied with the 
ingredients composing the treatment rations (Table 1). Heifer BW were measured and averaged 
on d 0 and 1 and on d 7 and 8 of each period to determine amount of feed offered for the 
following interval. Rations were mixed daily prior to feeding at 1200 h by preparing HC and LC 
with 2 different CST to CS ratios and subsequently mixing proportions of these diets to obtain 
the other 2 CST: CS. Heifers were housed in individual stalls (117 x 302 cm) in a ventilated, 
environmentally controlled tie-stall barn with rubber mattress bedding, and were allowed access 
to an exercise lot for 2 h before feeding on days on which sampling was not occurring. Water 
was available ad libitum, and daily consumption was monitored individually using unidirectional 
flow meters (Sensus Metering Systems, Uniontown, PA).  
Sample Collection and Analysis 
Adaptation to treatment rations was made over the first 15 d of each period; feces and 
urine were collected from d 15 to 21 (6-d total collection). Heifers were kept for 30 d (Pre-trial 
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period) before starting the experiment to adapt to the tie stall facility and standard diets. Urine 
was collected via modified urine device (Lascano et al., 2010), weighed and sub-sampled daily 
after feeding. Feces were collected hourly and stored in airtight containers; every 24 h total 
collection of feces was mixed, weighed, recorded, and sub-sampled. For 2 d/period feces and 
unacidified, chilled (4°C) urine were sub-sampled (1 observation/heifer per period), was 
analyzed using a bench-top, steady-state (dynamic) flux chamber under laboratory conditions as 
detailed by Lascano et al. (2008) for gaseous emissions (NH3, CO2, CH4, and N2O). Total feces 
and urine excretion from the first 2 d of each period were used to determine feces to urine (F: U) 
ratio (wet basis) for each heifer. Urine sub-samples (250 mL) were used in the multi-chamber 
steady-state gas emission detection system. Each individual Urine: Feces (U: F) ratio was used to 
partition 200 grams of manure sample for use in the steady-state flux chamber setup (Figure).  
Odor samples were collected from the head space of flux chamber containers that 
contained manure (urine and feces) collected from each heifer and evaluated by qualified human 
assessors for odor intensity, pleasantness, and odor detection threshold levels (in odor units, 
OU).  
Nutrient Analysis of Diets 
Feedstuffs and TM were composited by period. Samples were dried in a 65ºC forced air 
oven for 4 d, ground through a 1-mm screen using a Wiley Mill (Arthur H. Thomas, 
Philadelphia, PA), and analyzed for DM, OM, ash (AOAC, 1990), ADF, sulfuric acid detergent 
fiber (ADL), and NDF (Van Soest et al., 1991) using an ANKOM200 Fiber Analyzer (ANKOM 
Technology Corporation, Fairport, NY) with heat treated α-amylase and sodium sulfite utilized 
in the NDF procedure. Starch was analyzed on reground samples (< 0.5-mm screen) using a 
modified procedure reported by Zanton and Heinrichs (2009). Dried feed and fecal samples, and 
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thawed urine samples were analyzed for N using the Kjeldahl method (AOAC, 1990). 
Metabolizable energy intake was calculated for each heifer within each period using observed 
digestible OM intake × 4.409 × 0.82 (NRC, 2001). 
Ammonia and Greenhouse Gas Measurements and Calculations  
Gaseous emissions were quantified using the multi-chamber steady-state gas emission 
detection system under temperature-controlled conditions (Wheeler et al., 2007). In brief, the 
flux chamber setup used a photoacoustic multi-gas field-monitor (Model 1412, Innova, 
Denmark) to measure gas concentrations from each of six flux chambers every 20 min over a 24-
h period. Flux chambers were immersed in a 25oC water bath. Each flux chamber consisted of a 
3.8-L glass jar with a continuous supply of 2 liter min-1 filtered, sweep air. Five jars each 
contained 200 g of manure slurry (feces to urine) combined at the initiation of the gas emission 
test representing the ratio of feces to urine as excreted by each heifer. The sixth jar contained 
distilled water as a control, a check for cross-contamination of sampling lines, and for 
determining background gas concentration levels. Gas emission rates were computed using the 
following equation for the steady-state flux chamber setup:  
[Eq. 1]     
( )
A
CCQE BLK−= 1
  
where E is gas emission rate of NH3, CO2, CH4, or N2O (mg cm-2 min-1), Q is flow rate of 
filtered air supplied through each chamber (0.002 m3 min-1), C1 is the measured gas 
concentration (mg m-3), CBLK is measured ambient gas concentration (distilled water chamber in 
mg m-3) and A is the surface area of manure in each chamber (cm2). The daily gas emission (mg 
cm-2 d-1) was computed as the sum of emission rates for 24 h.  
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Odor Measurements and Calculations 
Within the first hour of manure placement in the multi-chamber, steady-state gas 
emission detection system, approximately 7.0 L of odorous exhaust sweep air was collected from 
each of the chambers into a 10 L preconditioned Tedlar™ bag for olfactory evaluations. All odor 
samples were presented to trained panelists and analyzed for detection threshold (DT) and 
recognition threshold (RT) levels using an Ac’Scent International Olfactometer (St. Croix 
Sensory, Inc., 2007), following the Triangular Forced-Choice method (EN13725:2003).  
After use in the Olfactometer, the bag containing the odorous gas sample was moved to a 
different lab where each panelist would smell the undiluted bag contents and evaluate for 
hedonic tone and intensity. Hedonic tone (pleasantness) was subjectively quantified by using a 
22-unit scale (-11 for extremely unpleasant to +11 for extremely pleasant). The panelists 
assessed the odor intensity using the Labeled Magnitude Scale method (non-linear scale ranging 
from 0. to 100, Green et.al. 1996). All odor panel evaluations were performed within seven hours 
of air sample collection, well within the 36 hour requirement specified in EN13725:2003.  
Odor emission was computed using Eq. 1 where variable E is odor emission rate of 
manure (OU m-2 sec-1), C1 is odor concentration of manure (OU m-3), CBLK is odor 
concentration of preconditioned, N2 filled Tedlar™ bag (OU m-3), and Q is gas flow rate of the 
steady-state chamber (3.3 x 10-5 m3 sec-1). A is the area of manure surface in each chamber (m2).  
Statistical Analysis 
Statistical analyses were conducted in Statistical Analysis System version 9.2 for 
windows (SAS Institute, Cary, NY) using the mixed procedure. All dependent variables were 
analyzed as a 4 × 4 Latin square design. A split plot design was used with forage level as the 
whole plot and CST proportion in the forage fraction of the diet as the sub-plot. Sources of 
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variation associated with fixed design effect of period and fixed treatment effects of forage level, 
CS: CST and their interaction were used with heifer within forage level included as a random 
effect. The sequences of CS: CST was balanced for carryover with respect to previous CS: CST 
levels such that all treatments followed every other treatment once; therefore, fixed effect of 
previous treatment also was included in statistical analysis. Forage level effect was assessed with 
denominator degrees of freedom and error term as associated with whole plot error of heifer 
within forage, and the effects of CS: CST and the interaction were evaluated against the pooled 
residual error. Normality of residuals was evaluated using the Shapiro-Wilk test for normality. 
Differential responses between F: C and CST addition were assessed for some variables through 
mixed model regression analysis; output from this analysis is displayed as the adjusted (for 
random effect of heifer) response against CST addition. Least squares means are presented in 
tables, and evidence for statistical significance was declared at P < 0.05 and trends were 
indicated at P < 0.10. Pearson and Spearman correlation coefficients and p-values of gas and 
odor emissions were computed (SAS, 2001). Data for gas emission versus odor emission were 
fitted to a simple linear regression model when the correlation was found to be significant. 
Relationships among average odor intensity and pleasantness scales to gas and odor emission 
rates were determined using Pearson and Spearman correlation analysis.  
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RESULTS 
  Nutrient Intake 
Diet ingredient and chemical composition are presented in Table 1. Diets were planned to 
differ mainly in provision of forage fiber, and NDF concentrations increased linearly in the diet 
with CST addition. The CST replaced CS in 20% increments from 0 to 60% of the forage 
fraction of the diet. The rest of the components of the rations were similar among treatments.  
Gas & Odor Emissions 
Differences in gas emissions were observed across the various treatments (Table 2 &4). 
Correlations among the measured gas and odor emissions and odor characteristics are presented 
in Table 2. Ammonia emission rates ranged from 4.34 to 11.49 mg/g  across all diet treatments. 
Average NH3 emissions in the low concentrate diets (226.23 g/d) were larger than in high 
concentrate diets (187.53 g/d) but there were no significant differences in daily NH3 emission 
rates between high and low concentrate diets (Table 2). The lowest average NH3 emission was 
measured at 109.8 g/d in the HC 40% CST diet (Table 2). Within each forage quality diet, 
increasing corn stover dry matter percentage did not affect the production of NH3 in the manure 
(P =0.63).  
Carbon dioxide emissions were significantly higher (P = 0.01) in the LC diet versus the 
HC diet (Table 2). Highest average CO2 emissions were found in the LC 40% CST diet, while 
the lowest average CO2 emissions were found in the HC 40% CST diet (Table 2). There was a 
strong negative correlation found between CO2 and N2O (P= 0.001, r = -0.86), and a strong 
positive correlation between CO2 and NH3 emissions (P = 0.00, r= 0.61).  
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Methane emissions were statistically the same in most diets tested regardless of forage 
type, with the exception of HC 40% CST (Table 1). There was a corresponding linear decrease 
of CH4 emissions as percent corn stover in the LC diet increased (P < 0.01). 
Nitrous oxide gas emissions hovered around 0.003 mg N2O cm
-2 
d
-1 
(Table 2) with some 
concentrations above minimum detectable levels for the photoacosustic gas analyzer and some 
below (instrument noise), resulting in some nitrous oxide emissions reported below 0.00 mg N2O 
cm
-2 
d
-1 
(Table 2).  
The highest average odor emission was measured in LC diet (LC 0% CST) while the 
lowest odor emission was observed in the HC diet (0% CST). Odor emission rates ranged from 
6.52 (HC 0% CST) to 8.67 (LC 0% CST) OU m-2 sec-1 across dietary treatments (Table 3). Odor 
emission rates in HC diets also tended to be reduced with increasing the inclusion of corn stover 
in the diet. A linear correlation between odor emission, forage quality and F: C during the trial 
period was found in CO2, CH4, NH3, and Urine: Feces (Tables 2 & 3).  
Using a scale of 0-100, the strength of odor intensity emitted by manure was similar in all 
forage quality diets tested, ranging from 25.88 to 32.24 for all dietary treatments (Table 3). Mean 
odor intensity of the manure measured by odor assessors was approximately 29 (Table 3). From 
a scale of -11 to +11, average hedonic tone was consistently -4 (Table 3), with this negative 
value describing the manure from all diets as unpleasant. Odor intensity was highly and 
negatively correlated with hedonic tone (P <0.01, r = -0.70; Table 4).  
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Feces to Urine Ratio Production.  
Our preliminary findings indicate that HC diets produced a significantly lower mass of 
feces, 55.6% less, than the LC diet animals, but the total manure produced by the HC diets was 
22.7% higher than the LC diet animals on a wet mass basis. Table 2 presents all means and 
standard errors displaying this relationship. HC diet displayed higher overall average urine: feces 
ratio (2.25), while the average LC diet urine to feces ratio was significantly lower (0.58). More g 
of feces per g of urine were linearly produced as quality of forage decreased (P = 0.02). Total 
feces production was significantly higher as forage quality decreased (P = 0.01), which caused a 
linear increase with the addition of corn stover in the diets (Table 2). A smaller volume of feces 
was produced by the HC diets, and a positive linear relationship was displayed between feces 
production and the addition of CST to the diet (P < 0.01; Table 2). Cows with HC diets produced 
more (approximately twice as much) urine as cows in the LC diet treatment (P = 0.04). A 
negative linear relationship was found between urine production and CST (P = 0.01). As more 
CST was added to the diet, urine production decreased (Table 2). Even though the amount of 
feces was cut in half in the HC fed group, the urine mass excreted by this group was almost three 
times (2.84 times) higher than the LC group, which increased the total manure produced.   
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DISCUSSION 
Results indicated no significant differences between high and low concentrate diets 
regarding odor and gas emissions. Results also indicated several correlations between different 
gas emissions. Four points of interest include the: positive correlation between CO2 and NH3, 
negative correlation between N2O and NH3, positive correlation between odor and CH4, and 
positive correlation between odor pleasantness and intensity.     
Positive Correlation between CO2 and NH3 
  It is likely that both CO2 and NH3 emissions from fresh manure were produced during 
microbial degradation of urea. In dairy manure, ammonia and greenhouse gases are emitted 
rapidly once the feces are mixed with urine (Wheeler et al., 2007). Ammonia is released from the 
manure as a result of microbiological hydrolysis of urea and uric acid (Bouwman et al., 1997). 
Carbon dioxide is emitted to the environment by heterotrophic respiration during degradation of 
undigested carbohydrates, feed protein, microbial protein, and endogenous protein excreted in 
feces (Tamminga, 1992). Both of these processes occur after urine is excreted and becomes 
mixed with feces. As a result, the positive correlation between CO2 and NH3 was to be expected 
in this experiment.  
Negative Correlation between N2O and NH3 
Nitrous oxide emissions were extremely low in this experiment leading to a greater 
contrast between N2O and NH3 emissions.  The photoacoustic gas analyzer used in this 
experiment picked up some concentrations above minimum detectable level. Some 
concentrations remained below the readable level for this instrument, resulting in a slightly 
negative emission rate when background levels were subtracted from the manure emission 
results. In future experiments, use of a more sensitive instrument may collect more exact trace 
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emissions of N2O. Despite this, the photoacoustic gas analyzer used in this experiment 
demonstrated a minimal significant difference indicating negative correlation between N2O and 
NH3.  
Positive Correlation between Odor and CH4 
This strong positive linear relationship (Figure 2) suggested that emissions of odor and 
methane in the manure were each likely produced by similar bacterial communities under similar 
environmental conditions. There was no relationship demonstrated between NH3 and odor 
emissions suggesting that other odorant gases, such as CH4, volatile organic acids, hydrogen 
sulfide, phenol or indole may be impacting the odor concentration in the chamber headspace 
(O’Neil and Phillips, 1992). These odor values are higher than the odor emission rates from beef 
cattle feed yards reported by Parker et al. (2005) who also used gas collection sample bags and 
an olfactometer. The high magnitude of odor emission reported in our study versus the beef 
study could be due to: different feeds and animal types (dairy vs. beef); the fact that dairy odor 
samples were collected within a few centimeters of the manure surface (vs. 1 m off ground 
downwind of beef feedlot); or due to odor being concentrated in the headspace of the enclosed 
chamber equipped with a continuous supply of 2 liter min
-1 
sweep air (½ chamber volume min
-1
) 
in the dairy study (this ventilation rate was used to mimic dairy freestall conditions during mild 
weather ventilation and probably underestimates airflow conditions found in the beef cattle 
study).  
Positive Correlation between Pleasantness and Intensity 
Mean odor intensity of the manure measured by trained odor panelists was about 29, 
suggesting a distinguishable odor characteristic (Table 2). Pleasantness and odor intensity had a 
strong negative correlation (Table 2), indicating that odor became more unpleasant as odor 
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intensity increased. In contrast to other reported studies (Zahn et al. 2001; Parker et al. 2005), 
odor emission rates were not correlated with odor intensity and pleasantness (hedonic tone) 
(Table 4). The data for odor intensity and pleasantness appears to be evenly distributed 
throughout the plot, with intensity ranging from 25.88 to 32.24 and pleasantness ranging from -
4.5 to -3.7 (Table 3). This data indicates no apparent trend between high concentrate and low 
concentrate diets in relation to odor intensity and pleasantness. Odor intensity and hedonic tone 
were measured by a panel of individual trained assessors. By training panelists prior to the 
experiment, experimenters were able to decrease subjective bias.    
Urine to Feces Ratio  
The higher total manure excreted by the HC group is explained by its higher urine 
excretion compared to the LC group (P = 0.04). There was a linear decrease in urine production 
as forage quality decreased with the addition of CST in the diet (P = 0.01). Inversely, as quality 
of the diet increased, urine production increased. The difference in urine: feces was mainly due 
to the urine output with respect to the different CST increments in the diet.  
Despite the amount of feces being cut in half in HC group, approximately three times 
more urine (2.84 times) was produced by this group. In contrast, the LC group produced 
approximately two times the amount of feces than the HC group. This is similar to results from 
other experiments (Zanton et al., 2007; Lascano et al., 2008) where urine excretion was increased 
using a HC diet. It is likely that the differences in ratio of feces to urine (F: U) in the manure 
under HC and LC diets impacted the production of agricultural gases from fresh manure. 
Ammonia gas is produced from manure during microbial degradation of urea in the urine using 
urease found in the feces. A 50:50 F: U in dairy manure resulted in the greatest NH3 production 
throughout ratios ranging from 20:80 to 80:20 (Wheeler et al. 2007) suggesting a balance 
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between available urease and urea. A high ratio of feces in fresh manure may have produced 
higher CO2, CH4, and odor emissions due to the presence of greater carbon substrate and urease 
content as compared to low feces volume. Further work is needed to compare the dry mass basis 
between urine and feces produced.  
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CONCLUSIONS 
In this study, the use of a multi-chamber steady-state gas emission detection system 
coupled with a forced choice dynamic olfactometer proved valuable in simultaneously assessing 
emissions of ammonia, greenhouse gases and odor from dairy heifers fed diets of high and low 
concentrate levels with various ratios of corn silage and corn stover forages. Odor intensity and 
pleasantness were subjective but showed promise to determine the over-all effectiveness of feed 
manipulation on manure odors.  Emissions of CO2, CH4, and NH3 each displayed a linear 
relationship between the F: C ratio and the amount of CST in the diet. Between high and low 
concentrate diets, CO2 emission rates were significantly higher in the LC diet. There was a 
strong positive correlation between CO2 and NH3 emissions (P = 0.01, r = 0.61) and a strong 
negative correlation between CO2 and N2O (P = 0.01, r = -0.47) (Table 4). There was a linear 
decrease in CH4 emissions as percent CST in the LC diet increased (P <0.01). This relationship 
could be explained as CST increased, heifers were not able to digest the carbohydrates in CST 
(low quality forage) as readily as CS (high quality forage). The highest average odor emission 
(8.67 OU m-2 sec-1) was measured in the LC diet with 0% CST, and the lowest average odor 
emission (5.01 m-2 sec-1) was measured in the LC diet with 60% CST. Odor emission rates were 
low in both high and low concentrate diets with high-percent corn stover, displaying a linear 
relationship and a significant difference of P = 0.031 during the trial period.  A linear 
relationship between CST and the production of urine and feces was found. As the percent CST 
in the diet increased, urine production in both HC and LC diets decreased (P = 0.01). Inversely, 
as percent CST in the diet increased, feces production in both diets increased (P < 0.01). The 
mass of manure (feces and urine) produced by heifers on the HC diet was 22.7 % higher than the 
mass of manure from low concentrate diet heifers. This is mainly due to the fact that the mass of 
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feces was more than 50 % less in the high concentrate fed group, but the urine mass excreted by 
this group was almost three times (2.84 times) higher than the low concentrate group (increasing 
the total manure produced). As a result, the ratio of “as excreted” feces to urine should be taken 
into consideration when analyzing data as they might have an effect on the overall odor and gas 
emissions. 
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Table 1. Ingredient and chemical composition of low (LC) or high (HC) concentrate diets containing 4 
levels of corn stover addition (0, 20, 40, or 60% CST in the 20 or 80% forage fraction of the diet) 
  HC   LC 
  0%  20% 40% 60%   0% 20% 40% 60% 
Ingredients, %          
  Corn silage1a 20.00 16.00 12.00 8.00  80.00 64.00 48.00 32.00 
  Corn stover1b 0.00 4.00 8.00 12.00  0.00 16.00 32.00 48.00 
  Ground corn 49.30 49.30 49.30 49.30  0.15 0.15 0.15 0.15 
  Soybean meal (SBM) 8.70 8.70 8.70 8.70  11.38 11.38 11.38 11.38 
  Heat treated SBM - - - -  3.20 3.20 3.20 3.20 
  Soybean hulls 17.00 17.00 17.00 17.00  - - - - 
  Molasses 1.00 1.00 1.00 1.00  1.70 1.70 1.70 1.70 
  Urea 0.70 0.70 0.70 0.70  0.27 0.27 0.27 0.27 
  Sodium bicarbonate 0.35 0.35 0.35 0.35  0.35 0.35 0.35 0.35 
  Mineral mix2 2.95 2.95 2.95 2.95  2.95 2.95 2.95 2.95 
          
Chemical composition3          
  DM % 51.17 51.33 51.37 51.41  41.64 41.74 42.11 42.97 
  OM, % DM 94.65 94.71 94.62 94.52  94.25 93.79 93.81 93.55 
  CP, % DM 15.45 15.35 15.35 15.32  14.48 14.32 13.75 12.74 
  Ash, % DM 5.36 5.30 5.39 5.48  5.75 6.20 6.18 6.46 
  NDF, % DM 32.85 34.02 36.02 38.02  35.90 44.24 46.37 52.26 
  ADF, % DM 19.08 21.25 23.30 25.35  22.06 29.98 32.50 37.94 
  ADL4, % DM 3.50 3.77 4.12 4.48  4.59 6.22 6.71 7.99 
  Hemicellulose5, % DM 13.43 12.41 12.36 12.31  13.51 13.91 13.54 13.92 
  Cellulose6, % DM 15.57 17.48 19.18 20.87  17.47 23.76 25.79 29.96 
  Lignin, % DM 2.49 2.49 2.76 3.03  3.52 4.61 5.05 5.96 
  Starch, % DM 37.61 36.43 34.59 32.76  27.36 26.93 21.59 19.68 
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  Ether extract, % DM 4.45 4.40 4.34 4.28  4.81 4.45 4.33 4.09 
  NFC7, % DM 41.88 40.92 38.90 36.89  39.07 30.81 29.37 24.45 
  ME8, Mcal/kg 2.67 2.66 2.52 2.46  2.52 2.42 2.25 2.18 
  Ca, % DM 0.72 0.71 0.70 0.69  0.57 0.61 0.65 0.69 
  P, % DM 0.30 0.30 0.31 0.31  0.28 0.28 0.29 0.29 
  Na, % DM    0.30 0.29 0.29 0.28  0.22 0.24 0.27 0.29 
  K, % DM 1.14 1.16 1.18 1.20  1.27 1.26 1.24 1.23 
  Mg, % DM 0.28 0.28 0.28 0.28  0.23 0.24 0.26 0.27 
  S, % DM 0.43 0.42 0.41 0.40   0.38 0.37 0.36 0.35 
1a Corn silage contained: 36.5% DM, 33.7% NDF, 21.9% ADF, 8.5% CP, and 32.4% starch on DM basis. 
1b Corn stover contained: 88.8% DM, 85.3% NDF, 58.1% ADF, 4.6% CP, and 0.6% starch on DM basis. 
2 Mineral Mix contained: 7.8% Vitamin E, 2.6% Vitamin ADE, 28.6% distillers corn with soluble vitamin 
D, 14.6% plain salt, 36.5% limestone, 2.6% magnesium oxide, 5.7% trace mineral premix, and 1.6% 
selenium premix on DM basis. 
3
 n=8 composite samples representing 24 samples per treatment taken daily throughout the collection 
periods of the experiment. All ingredients and nutrients are expressed on a DM basis unless otherwise 
specified. 
4 Acid detergent lignin. 
5 Hemicellulose = NDF – ADF. 
6 Cellulose = ADF – ADL. 
7 Calculated from ingredients as NFC = 100 − (NDF + CP + ether extract + ash). 
8
 Estimated as ME = TDN * 0.04409 *0.82 
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Table 2. Gas emissions and excretion output of dairy heifers fed differing forage to concentrate ratios 
(F:C) as low (LC) or high (HC) concentrate diets containing 4 levels of corn stover addition (0, 20, 40, or 
60% CST in the 20 or 80% forage fraction of the diet) 
      CST           CST    Interaction 
Item,  F:C   0% 20% 40% 60%   SEM1   F:C   L2 Q3   L Q 
CO2, mg/g HC   25.74 26.14 20.65 24.53   3.95    0.01    0.30 0.63    0.07 0.23 
  LC   32.21 37.13 43.48 40.67                     
           g/d HC   578.1 579.2 454.8 526.2   56.54   < 0.01    0.24 0.46   0.01 0.12 
  LC   656.7 818.3 905.3 872.3                     
CH4, mg/g1 HC   0.46 0.64 0.45 0.48   0.11   0.78    0.02 0.81    0.04 0.51 
  LC   0.80 0.66 0.36 0.30                     
           g/d HC   10.97 15.26 8.90 10.18   2.11    0.91   < 0.01 0.73   0.08 0.53 
  LC   16.18 13.94 7.90 6.57                     
NH3, mg/g HC   10.06 10.36 4.34 8.27   1.68   0.07    0.71 0.64    0.11 0.32 
 LC   9.03 11.02 10.83 11.49                     
            g/d HC   234.9 225.7 109.8 179.7   29.68    0.09   0.63 0.64   0.03 0.19 
 LC   183.2 242.7 228.8 250.2                     
Urine, kg/d HC   16.20 17.33 15.05 13.79   2.38   0.04   0.01 0.49   0.94 0.36 
  LC   8.99 8.59 6.41 6.38                     
Feces, kg/d HC   6.55 6.92 7.98 8.18   0.47   < 0.01   < 0.01 0.16   0.01 0.27 
  LC   11.33 13.53 14.57 15.32                     
Manure, kg/d   HC  22.79 24.25 23.03 21.97   2.43   0.61   0.93 0.29   0.39 0.66 
  LC  20.33 22.11 20.98 21.71                     
Urine: Feces  HC  2.60 2.58 1.86 1.69   0.33  0.01   < 0.01 0.99   0.02 0.41 
  LC  0.81 0.64 0.44 0.42                     
1SEM = Standard Error Mean 
2 L = Linear Relationship 
3
 Q = Quadratic Relationship 
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Table 3. Odor characteristics of dairy heifers manure fed differing forage to concentrate ratios (F:C) as 
low (LC) or high (HC) concentrate diets containing 4 levels of corn stover addition (0, 20, 40, or 60% 
CST in the 20 or 80% forage fraction of the diet) 
      CST           CST    Interaction 
Item,  F:C   0% 20% 40% 60%   SEM   F:C   L Q   L Q 
4OU/m2/s  HC   6.52 7.19 6.71 5.96   1.23    0.48    0.13 0.43    0.031 0.99 
  LC   8.67 7.56 7.62 5.10                     
Odor Intensity HC   31.75 25.88 29.40 29.71   2.47   0.81    0.49 0.43   0.70 0.36 
  LC   31.82 27.21 32.24 27.17                     
Odor Pleasantness HC   -4.24 -3.87 -4.02 -4.10   0.35   0.78    0.40 0.72    0.58 0.19 
  LC   -4.27 -4.18 -4.53 -3.68                     
1SEM = standard error mean 
2 L = linear relationship 
3
 Q = quadratic relationship 
4OU = odor unit; 1 OU = 123 µg n-Butanol 
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Table 4.  Correlation matrix of gas emissions and odor characteristics of dairy heifers manure fed 
differing forage to concentrate ratios (F:C) as low (LC) or high (HC) concentrate diets containing 4 levels 
of corn stover addition (0, 20, 40, or 60% CST in the 20 or 80% forage fraction of the diet) 
Variable NH3 CH4, CO2 N2O Odor OdorE Intensity Pleasantness 
NH3, mg kg 
manure-1 d-1 
- 0.11 
P=0.55 
0.61 
P=0.00 
-0.86 
P=<0.00 
0.22 
P=0.23 
0.20 
P=0.29 
0.03 
P=0.89 
-0.21 
P=0.26 
CH4, mg kg 
manure-1 d-1 
0.11 
P =0.55 
- -0.07 
P=0.70 
-0.07 
P=0.70 
0.65 
P 
=<0.00 
0.67 
P=<0.00 
-0.17 
P=0.37 
0.11 
P=0.54 
CO2, mg kg 
manure-1 d-1 
0.61 
P =0.01 
-0.07 
P=0.70 
- -0.47 
P=0.01 
0.18 
P=0.34 
0.09 
P=0.64 
0.05 
P=0.78 
-0.08 
P=0.67 
N2O, mg kg 
manure-1 d-1 
-0.86 
P=<0.00 
-0.07 
P=0.70 
-0.47 
P=0.01 
- 0.03 
P=0.87 
-0.06 
P=0.75 
0.16 
P=0.40 
0.15 
P=0.43 
Odor,  OU m-2 sec-
1
 
0.22 
P=0.23 
0.65 
P=<0.00 
0.18 
P=0.34 
0.03 
P=0.87 
- 0.88 
P=<0.00 
0.27 
P=0.14 
-0.10 
P=0.60 
Odor, OUE m-2 sec-
1
 
0.20 
P=0.29 
0.67 
P=<0.00 
0.09 
P=0.64 
-0.06 
P=0.75 
0.88 
P=<0.00 
- 0.11 
P=0.55 
-0.11 
P=0.55 
Intensity  0.03 
P=0.89 
-0.17 
P=0.37 
0.05 
P=0.78 
0.16 
P=0.40 
0.27 
P=0.14 
0.11 
P=0.55 
- -0.70 
P=<0.00 
Pleasantness -0.21 
P=0.26 
0.11 
P=0.54 
-0.08 
P=0.67 
0.15 
P=0.43 
-0.10 
P=0.60 
-0.11 
P=0.55 
-0.70 
P=<0.00 
- 
OUE = European Odor unit; 1 OUE = 123 µg n-Butanol 
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Figure 1. Relationship of odor and CH4 emissions of dairy heifers manure fed differing forage to 
concentrate ratios (F:C) as low (LC) or high (HC) concentrate diets containing 4 levels of corn stover 
addition (0, 20, 40, or 60% CST in the 20 or 80% forage fraction of the diet). 
